Cellular models and culture conditions for in vitro expansion of insulin-producing cells represent a key element to develop cell therapy for diabetes. Initial evidence that human b-cells could be expanded after undergoing a reversible epithelialmesenchymal transition has been recently negated by genetic lineage tracing studies in mice. Here, we report that culturing human pancreatic islets in the presence of serum resulted in the emergence of a population of nestin-positive cells. These proliferating cells were mainly C-peptide negative, although in the first week in culture, proliferating cells, insulin promoter factor-1 (Ipf-1) positive, were observed. Later passages of islet-derived cells were Ipf-1 negative and displayed a mesenchymal phenotype. These human pancreatic islet-derived mesenchymal (hPIDM) cells were expanded up to 10 14 cells and were able to differentiate toward adipocytes, osteocytes and chondrocytes, similarly to mesenchymal stem/precursor cells. Interestingly, however, under serum-free conditions, hPIDM cells lost the mesenchymal phenotype, formed islet-like clusters (ILCs) and were able to produce and secrete insulin. These data suggest that, although these cells are likely to result from preexisting mesenchymal cells rather than b-cells, hPIDM cells represent a valuable model for further developments toward future replacement therapy in diabetes. 6 Additional studies suggested that progenitor cells may reside within the pancreatic ductal epithelium 2-7 or in the acinar tissue. 8,9 Nevertheless, the exact nature and localization of adult pancreatic stem/ progenitor cells remains controversial 9-16 and their existence in vivo, at least in mice, has recently been questioned. 6 Recent evidence has shown that human embryonic stem cells are able to differentiate into insulin-producing cells in vitro, thus potentially leading to an unlimited source of cells for transplantation.
Type 1 diabetes mellitus is a chronic disease resulting from the selective autoimmune destruction of pancreatic insulinproducing b-cells. Transplantation therapy represents a potential cure for type 1 diabetes mellitus, 1 but is limited by availability of human pancreatic tissue. For this reason, a great effort has been made to develop new methods for generating b-like cells in vitro, 2, 3 despite of evidence that cultured b-cells have limited proliferative capacity and reduced insulin production. 4 Several attempts have been made to identify stem/progenitors cells within pancreatic tissue as a potential source for transplantable insulinproducing tissue. Unfortunately, the origin of new b-cells in adult pancreas is not known. Some in vivo studies suggested the presence of pancreatic progenitor cells within islets, 5 whereas others reported that new adult b-cells might rather originate from pre-existing b-cells. 6 Additional studies suggested that progenitor cells may reside within the pancreatic ductal epithelium [2] [3] [4] [5] [6] [7] or in the acinar tissue. 8, 9 Nevertheless, the exact nature and localization of adult pancreatic stem/ progenitor cells remains controversial [9] [10] [11] [12] [13] [14] [15] [16] and their existence in vivo, at least in mice, has recently been questioned. 6 Recent evidence has shown that human embryonic stem cells are able to differentiate into insulin-producing cells in vitro, thus potentially leading to an unlimited source of cells for transplantation. 17, 18 Some of these studies have noted that cultured islet cells may express nestin, an intermediate filament expressed in several precursor/stem cells. [10] [11] [12] The association of nestin-positive cells with human pancreatic islets is of interest in light of evidence that nestin expression precedes the appearance of b-cells during embryogenesis. 13 In addition, although no direct origin of b-cells from nestinpositive cells has been demonstrated in postnatal life, 14 recent reports have shown that nestin-positive progenitor cells isolated from human fetal pancreas may have phenotypic markers identical to mesenchymal stem cells and are able to proliferate and differentiate into insulin-producing cells in vitro. 15 However, controversial data on the ability of mesenchymal stem cells to differentiate into insulin-producing cells both in vitro and in vivo have been reported. [19] [20] [21] [22] [23] Major interest has been recently raised by the evidence that insulinproducing cells can be obtained following the in vitro expansion of an intermediate mesenchymal proliferating cell population apparently derived from a reversible epithelialmesenchymal transition of pancreatic b-cells. 24 , 25 Similar results have been obtained from the exocrine compartment of human pancreas. 26 However, several groups have recently provided evidence, based on cell-lineage tracing experiments in mouse, that mesenchymal cells from pancreatic islets do not originate by an epithelial-mesenchymal transition from b-cells, but may derive from a population of pre-existing connective tissue mesenchymal cells associated with pancreatic epithelial structures. [27] [28] [29] [30] [31] Here, we report results from experiments aimed at the characterization of human pancreatic islet-derived mesenchymal (hPIDM) cells. These results provide clear evidence that, in the presence of fetal bovine serum (FBS), cultures of purified adult human pancreatic islets can generate an intermediate mixed cell population from which mesenchymal cells positive for nestin can be reproducibly obtained. These cells can be expanded for 16-20 passages and can differentiate toward mesenchymal lineages, such as adipocytes, osteocytes and chondrocytes, as observed for mesenchymal stem/precursor cells. Interestingly, on serum removal, these cells lose their mesenchymal phenotype and differentiate into islet-like clusters (ILCs) and secrete insulin.
Results
Isolation and expansion of proliferating cells from human pancreatic islets. Human pancreatic islet-enriched fractions were placed in plastic tissue culture dishes in RPMI 1640 supplemented with 10% FBS, at approximately 1 islet/ cm 2 . As shown in Figure 1a , within 24 h all islets attached to the surface of the dishes. During the following days, the islets changed their original three-dimensional architecture and acquired a morphology with a central 'core' of aggregated cells surrounded at the periphery by a migrating population of flattened epithelial cells. After 14 days in culture, cells were trypsinized and transferred to new tissue culture dishes. The vast majority of the cells adhered to the new dishes, proliferated and, when grown to near confluence, the monolayer cells were subcultured again. During the first passage, the cell population displayed a progressive change in morphology from epithelial to fibroblast-like cells (Figure 1a ). After the first three passages, the cells were subcultured every 8 days by plating 4000 cells/cm Characterization of human pancreatic islet-derived proliferating cells. To characterize the phenotype of proliferating cells emerging from cultured human pancreatic islets, the expression of C-peptide (a b-cell marker corresponding to a region of the proinsulin peptide), Ipf-1 (a transcription factor expressed in b-cells), nestin (an intermediate filament protein expressed by neuroepithelial and muscular progenitors), a-smooth muscle actin (a-SMA) and vimentin (both mesenchymal cell markers) were determined by immunofluorescence analysis. Parallel staining for Ki67 and 5-bromo-2 0 deoxyuridine (BrdU) was performed to verify the proliferative status of cultured cells.
As shown in Figure 2a , cells of human pancreatic islets cultured for one and half day were positive for C-peptide and negative for Ki67. Between 3 and 6 days in culture, the majority of cells exhibited a gradual reduction in C-peptide staining, whereas Ki67-positive cells started to emerge (Figure 2a ). The vast majority of Ki67-positive cells were C-peptide-negative (arrowheads), whereas cells positive for both C-peptide and Ki67 were rare (arrows). Cultured islets after one and half day did not express nestin, whereas between days 3 and 6 of culture, nestin-positive cells started to be detected (Figure 2b ). At day 3, between 5 and 10% of the cells positive for C-peptide were also nestin-positive (Figure 2b, arrows) . A similar number of cells were positive for nestin but negative for C-peptide (arrowheads). No cell strongly positive for C-peptide was positive for nestin. Ipf-1, another marker of pancreatic endocrine cells, was expressed in 20-30% of islet cells after 3 days of culture. Double staining of cells for Ipf-1 and for Ki67 indicated that, depending on the islet preparation, up to 40% of cells positive for Ipf-1 were proliferating (Figure 2c, arrows) . Ipf-1-positive cells represented approximately 30% of all Ki67-positive cells, indicating that additional proliferating cells negative for Ipf-1 were also present (arrowheads). As shown in Figure 2d , 20% of Ipf-1-expressing cells were also positive for nestin (arrows), whereas other nestin-positive cells were negative for Ipf-1 (arrowheads).
Staining with Ki67 revealed that proliferating cells in 3-dayold cultures represented between 2 and 10% of total cells and that an average about 25% of the proliferating cells were nestin-positive (Figure 2e, arrows) . The rate of proliferation of cultured islet cells was further evaluated after BrdU incorporation for 72 h. The percentage of BrdU-labeled cells in 3-dayold islet cultures was about 2% (data not shown), whereas in 6-day-old islet cultures, the percentage of proliferating cells increased to 5% (Figure 2e ). Double immunostaining for BrdU and nestin in 6-day-old islet cultures showed that approximately 50% of replicating cells were nestin-positive (Figure 2e, arrows) . Nevertheless, both BrdU and Ki67 staining revealed that whereas some nestin cells were proliferating (arrows) others were not (arrowheads). Analysis of the expression of a-SMA indicated that during the first week of culture, a-SMA was undetectable in islet-derived cells (data not shown), whereas a strong expression of this protein was observed after the first week of culture (Figure 3a) . At this time, vimentin, another intermediate filament protein of mesenchymal cells, was also detected in virtually all cells, where it was coexpressed with a-SMA and with nestin ( Figure  3a and b).
Flow cytometry experiments and real-time PCR analysis reveal a decrease in pancreatic endocrine genes and an increase in the expression of mesenchymal genes in hPIDM cells. Real-time PCR analysis performed on hPIDM cells, revealed the expression of mesenchymal gene markers such a-SMA, vimentin, twist, snail1, snail2, CD73 and CD105 (Figure 4a ), accompanied by a major downregulation of pancreatic endocrine gene markers such as insulin, glucagon, somatostatin, prohormone convertase 1 (PC1), glucose transporter-2 (GLUT-2), glucokinase, synaptophysin, Ipf-1, islet-1 (ISL-1), NK2 transcription factor-related locus2 (NKX2-2), NK6 transcription factorrelated locus1 (NKX6-1) and neurogenic differentiation 1 (NEUROD1), (Figure 4b ). In parallel, fluorescence-activated cell sorting (FACS) experiments were performed to define the cell surface antigen profile of hPIDM cells at passages 8, 12 and 18. Cells were negative for hematopoietic markers such as CD45, CD34, CD14 and endothelial antigens like CD106 and CD31, but were positive for mesenchymal (CD44, CD90 and CD13) and stem cell markers (CD105 and CD73), (Table 1 and Figure 4c ). In addition, they expressed low levels of stromal-derived factor-1 (STRO-1), a marker used to isolate multilineage progenitors from bone marrow. The cell surface profile did not change over time and was similar to that of bone marrow mesenchymal cells. 32 To further investigate whether hPIDM cells have characteristics of progenitor/stem cells, expression of ATP-binding cassette subfamily G member 2 (ABCG2), human telomerase reverse transcriptase (hTERT) and stem cell marker genes like Bmi-1, Rex-1, Sox-2 was evaluated by real-time PCR analysis. Bmi-1, Rex-1, Sox-2 and ABCG2, but not hTERT, were expressed in all cultures examined (data not shown).
Multilineage potential of hPIDM cells. Based on morphological aspect, immunostaining experiments, realtime PCR and FACS analyses, hPIDM cells appear to resemble human adult mesenchymal stem/progenitor cells. 32, 33 We therefore decided to investigate whether these cells have the capacity to differentiate into mesenchymal lineages, like adipogenic, osteogenic and chondrogenic. Induction of adipogenic differentiation resulted in cell growth arrest and in an enlarged cell morphology, consistent with what observed on commitment of preadipocytes. The majority of the cells accumulated intracytoplasmic lipid droplets that stained positive for Oil red O, a specific dye for triglycerides. In contrast, no lipid vacuoles were observed in cells cultured in control medium ( Figure 5a ). Induction of adipogenesis was confirmed by realtime PCR analysis that showed an induction of expression of human peroxisome proliferator-activated receptor g2 (PPARg2) and adipocyte fatty acid-binding protein (aFABP) genes in differentiated cells, as shown in Figure 5b . Cells cultured in osteogenic differentiation medium exhibited a strong alkaline phosphatase (AP) activity compared with control cells (Figure 5a ). Moreover, accumulation of calcified extracellular matrix was observed following von Kossa staining (data not shown). To confirm osteogenic differentiation, expression of the lineage-specific genes core binding factor alpha 1 (CBFA-1) and AP was evaluated by real-time PCR. Expression of CBFA-1 was observed in cells induced to osteogenic differentiation. Consistent with AP staining, an increase of AP gene expression was observed in differentiated cells, although basal levels of expression were detected in non-induced cells Figure 5b ). Chondrogenic differentiation was performed according to the micromass technique as described previously. 34 To assess chondrogenic differentiation, nodules were stained with Alcian Blue, a dye that binds to sulfated proteoglycans resulting in a blue color. Nodules induced to differentiate in chondrogenic medium stained more intensively compared with nodules that were maintained in control medium (Figure 5a ), suggesting the presence of sulfated proteoglycans in the extracellular matrix. RT-PCR analysis revealed a significant increase of mRNA expression for the chondrogenic-specific protein Decorin in cells induced to chondrogenic differentiation compared with control cells (Figure 5b ).
In vitro differentiation of hPIDM cells into insulinproducing ILCs. Fibroblast-like cells emerging from pancreatic islets have been shown to be able to differentiate into insulin-expressing cells. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] To evaluate the ability of hPIDM cells to differentiate into a pancreatic endocrine phenotype, cells were cultured for 21 days in a medium for endocrine differentiation. Under these conditions, cells formed clusters that remained adherent to culture plates for the first week, but afterward detached acquiring an isletlike morphology (Figure 6a ). To determine whether the morphological differentiation into ILCs was accompanied by ultrastructural characteristics of b-cell differentiation, proliferating cells and differentiating clusters were analyzed by electron microscopy. In monolayer culture, several longshaped cells with ultrastructural features of fibroblasts were observed. These cells were characterized by a large nucleus containing a single large nucleolus. The cytoplasm contained few mitochondria, rough endoplasmic reticulum with dilated and parallel cisternae, some dense bodies and many glycogen granules (Figure 6b ). Cells with a different level of differentiation characterized the multicellular ILCs. At the periphery of these clusters, a multilayer ring of fibroblasts was detected. These cells were similar to those in monolayer culture. Inside the ILCs, cells were round-shaped with a large irregular nucleus, a well-developed Golgi apparatus and abundant rough endoplasmic reticulum. In approximately 10% of these cells, organelles with ultrastructural features resembling those of b-cell granules were present (Figure 6b ). We next tested whether, in accordance with morphological changes, the in vitro differentiation resulted in induction of insulin synthesis. Accordingly, semiquantitative RT-PCR analysis for insulin mRNA expression performed respectively after 7, 14 and 21 days of culture in differentiation conditions established a progressive activation of insulin gene expression (Figure 6c ) compared to uninduced cells. In addition, a significant induction of expression of genes encoding insulin, glucagon, somatostatin, Ipf-1, NEUROD1, neurogenin-3, ISL-1, NKX2-2, NKX6-1, synaptophysin, PC1 and PC3, was observed by quantitative real-time PCR analysis (Figure 6d) , further confirming the acquisition of a pancreatic endocrine phenotype by these ILCs. Expression levels of insulin, glucagon and somatostatin compared to normal human islets was: 0.567 0.29% for insulin, 0.1770.11% for glucagon and 0.1170.12% for somatostatin, calculated in a series of differentiation experiments performed in five different multi-organ donors, which showed similar results. Statistical analysis showed a significant upregulation of insulin (P ¼ 0.009), glucagon (P ¼ 0.021), somatostatin (P ¼ 0.02) and ISL-1 (P ¼ 0.004) by Mann-Whitney test. Of note, this induction was accompanied by a significant downregulation of mesenchymal gene markers such as a-SMA and vimentin.
In addition to the analysis of mRNA expression levels, the differentiation of hPIDM cells to an endocrine phenotype was verified by immunostaining for C-peptide, glucagon, somatostatin, Ipf-1 and Isl-1. In parallel, the same antibodies were used on HaCaT cells (a keratinocyte cell line used as a negative control) and on freshly isolated, noncultured human islet cells (used as positive control). As shown in Figure 7 , all 25 This transition would allow the expansion of the cells in the presence of serum whereas, following serum removal, the cells could regain an endocrine phenotype with synthesis and release of insulin. 24, 25, 35 Mesenchymal stem cells capable to differentiating not only into osteocytes, adipocytes and chondrocytes, but also into insulin-expressing cells have been isolated from cultures of human pancreatic ductal epithelial cells. 26 Immortalized mesenchymal cells derived from human pancreatic islets were reported not only to differentiate into hepatocytes and different mesenchymal cell lineages, but also to form insulin-expressing cells. 12 In contrast, very recent reports from several laboratories have reported on studies based on genetic lineage tracing in mice that seem to rule out the possibility that b-cells could undergo an epithelial to mesenchymal transition, thus suggesting that the cell population obtained from cultures of pancreatic islets may originate from preexisting mesenchymal cells. [27] [28] [29] [30] Similar conclusions were obtained in experiments performed with transgenic mice expressing the green fluorescent protein (GFP) selectively in b-cells. In these experiments, although a conversion of GFP-expressing b-cells from an epithelial toward a mesenchymal morphology was observed in the early days of culture, GFP-expression was not observed in the expanded mesenchymal cell population, thus suggesting that GFP-expressing b-cells had been lost on further culture. 30 To characterize the phenotype of proliferating-islet-derived cells in the initial days of culture, we analyzed the expression of nestin, an intermediate filament present in several undifferentiated precursor cells that has been found to be expressed in cultured islet cells under different conditions. [10] [11] [12] Nestin expression has been reported to precede the appearance of b-cells during embryogenesis 13 and to represent a possible marker of adult b-cell precursors. 11, 36 In our study, we observed that hPIDM cells appear to emerge from a mixed cell population. We did not detect nestin-positive cells in the first 36 h of culture; however, nestin-positive cells were easily observed in 3-day-old islet cultures and their number increased in the following days of culture. The Furthermore, a fraction of the cells expressing Ipf-1 were replicating, as shown by positivity for Ki67. However, after the first week in culture, almost all cells were positive for nestin, a-SMA and vimentin, but resulted negative for C-peptide and Ipf-1. If cultured in the presence of FBS, hPIDM cells maintained a mesenchymal phenotype and could be induced to differentiate into chondrocytes, osteocytes and adipocytes, revealing multipotent differentiative properties similar to those reported for mesenchymal stem/precursor cells. 32 The appearance in islet cell cultures of cells positive for both nestin and C-peptide or for both nestin and Ipf-1 would argue in favor of a conversion of b-cells from an epithelial to a mesenchymal phenotype. Similarly, positivity for Ki67 of cells expressing Ipf-1 would suggest that cells of epithelial origin can proliferate at least for a given time, as proposed initially by Hayek and co-workers. 31 These authors have recently compared their protocol 4 with that of Gershengorn et al.
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confirming that, although with some differences in terms of number of cells and replication time, which may depend on the culture conditions used, initial proliferation of cells positive for Ipf-1 can be reproducibly observed at early stages of islet culture. However, taking into account the recent results from b-cell lineage tracing experiments, an alternative explanation of our findings is that even if there was an initial transition of b-cells to a mesenchymal phenotype at early times in culture, these cells may die off and be taken over by a population of mesenchymal cells that continue to proliferate and to persist at the later passages of these cultures, as observed in b-cells expressing GFP in mice. 28 As it concerns the ability of hPIDM to acquire an endocrine phenotype, we observed that these cells were able, following appropriate stimulation, to form ILCs that expressed insulin and other endocrine markers and in parallel to downregulate the expression of mesenchymal genes. Accordingly, differentiated hPIDM cells resulted positive for C-peptide, glucagon, somatostatin and Isl-1, and were able to secrete insulin, although in a glucose-independent manner, likely because of the lack of GLUT-2 and glucokinase expression. Insulin expression by mesenchymal stem cells from tissues other than pancreas has been reported by some groups, 20, 23 but not by others. 22 In contrast with the results obtained with hPIDM cells, we did not observe insulin expression in mesenchymal stem/precursor cells derived from other tissues, under conditions where hPIDM cells did (data not shown). These results would suggest that functional differences between mesenchymal stem/precursor cells from pancreatic tissue and those from other tissues may exist, whereby hPIDM cells, as a consequence of their pancreatic origin, may remain committed to a pancreatic endocrine phenotype. Indeed, gene expression analysis revealed that, in addition to insulin, the expression of some transcription factors expressed in endocrine pancreatic cells (including NKX2-2 and NKX6-1) were expressed in hPIDM cells, but not in mesenchymal precursor/ stem cells derived from other tissues (data not shown).
In conclusion, we propose that hPIDM cells may represent a good substrate for developing an alternative source of insulinproducing cells for transplantation in humans. However, additional studies are necessary to optimize protocols for endocrine differentiation and to molecularly engineer these cells to improve insulin production and to restore glucosedependent insulin secretion.
Materials and Methods
Isolation of human pancreatic islets. Human pancreatic islets were obtained from five nondiabetic multi-organ donors (aged 43.2719.4 years; gender: 3M/2F; body mass index: 24.971.3 kg/m 2 ). Purified islets were prepared by intraductal collagenase solution injection and density gradient purification. 37 At the end of the isolation procedure, islets were resuspended in M199 culture medium (supplemented with 10% serum and antibiotics) and cultured at 271C in a CO 2 incubator.
Cell culture. Approximately 50 islet equivalents, without dissociation, were cultured in 100 mm plastic tissue culture dishes (Falcon; Becton Dickinson, San Jose, CA, USA) in growth medium (GM) (modified RPMI 1640 medium (11.1 mM glucose) (Sigma Aldrich, St. Louis, Mo, USA) supplemented with 10% FBS (Stem Cell Technologies Inc., Vancouver, BC, Canada), 2 mM L-glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin, 250 ng/ml amphotericin B, (Sigma)) and maintained at 371C in 5% CO 2 and 95% humidified air. After 15 days of culture, adherent islets were detached with 0.25% trypsin-2 mM EDTA (Sigma) and seeded at a density of 12 000 cells/cm 2 for two passages and subsequently at a density of 4000 cells/cm 2 . Culture medium was replaced every 3 days. HaCaT cells were cultured in Dulbecco's modified eagle's medium supplemented with 10% of FBS.
Immunofluorescence. Immunofluorescence for C-peptide, glucagon, somatostatin, Ipf-1, Isl-1, Ki67, vimentin, a-SMA, nestin was performed on human islets, hPDMI and HaCat (used as negative control) grown directly on 12 mm glass slides. For native human islets (used as positive control) and for differentiated ILCs, immunofluorescence was performed after trypsin dissociation into single cells followed by centrifugation on microscope slides for 10 min at 1000 r.p.m. Cells were fixed with 4% paraformaldehyde in PBS for 20 min at room temperature (RT) and then permeabilized with 0.25% Triton X-100 for 10 min at RT, except for anti-Cpeptide and anti Isl-1staining, where cells were permeabilized with 50 and 100% Methanol, respectively, for 20 min at À201C and then incubated for 45 min at RT with blocking solution (1% bovine serum albumin (BSA), 10% FBS in PBS). For Ipf-1 staining, the cells, after fixation, were incubated for 30 min with permeabilizingblocking buffer (PBS 50 mM glycine, 0.1% Triton X-100, 2% BSA, 2% normal goat serum (NGS)). All primary antibodies were diluted in PBS containing 1% BSA or in blocking solution for Isl-1 or in 5% NGS for Ipf-1 staining. Rabbit anti- Cell proliferation assay. Cell proliferation was evaluated by BrdU labeling with detection kit I (Roche Diagnostic GmbH). BrdU was added to the medium at 10 mM for 72 h and double immunofluorescence for anti-nestin and anti-BrdU was performed as described previously. 38 Flow cytometry. Immunophenotypic analysis was performed on cells from early (P8), middle (P12) and late (P18) passages. Subconfluent cells were detached with 0.25% trypsin-2 mM EDTA and washed with ice-cold PBS/2 mM EDTA/0.5% BSA buffer. A 1 Â 10 5 portion of cells were labeled with the following monoclonal antibodies: CD14-FITC (clone M5E2), CD29-PE (clone MAR4), CD34-APC (clone 581), CD49b-FITC (clone AK-7), CD49e-PE (clone IIA1), CD54-PE (clone HA58), purified CD73 (clone MOPC-21), CD90-PeCY5 (clone 5E10), CD117-PE (clone YB5.B8), HLA-ABC-APC (clone G46-2.6), HLA-DR-PeCY5 (clone G46-6), all from BD Pharmingen (Franklin Lakes, NJ, USA), CD13-PE (clone WM47), CD44-FITC (clone DF1485), all from DAKO Corporation (Carpinteria, CA, USA), CD31-PE (clone 10G9), CD45-FITC (clone 35-Z6), both from Santa Cruz Biotechnology (Santa Cruz, CA, USA), CD105-PE (clone SN6; Ancell, Bayport, MN, USA), CD133-PE (clone A1; Miltenyi Biotec, Sunnyvale, CA, USA) and purified STRO-1 (clone stro-1; R&D system, Minneapolis, MN, USA). Rat anti-mouse IgG 1 (clone A85-1; BD) and rat anti-mouse IgM (clone II41-1; BD) were used as secondary antibodies. Goat anti-mouse IgG 1 (clone MOPC-21; BD) was used as isotype control. Cells were stained in ice-cold PBS/2 mM EDTA/0.5% BSA buffer, for 30 min, at 41C. Primary antibodies were further incubated with respective secondary antibodies for 30 min at 41C. After the final wash, cells were fixed in 1% paraformaldehyde before FACS analysis. A total of 10 000 events were acquired and analyzed using FACS Calibur-flow cytometry system running CellQuest software (BD).
Induction of adipogenic, osteogenic and chondrogenic differentiation. hPIDM cells were induced to differentiate toward the adipogenic, osteogenic and chondrogenic lineages, as described previously. 32 For adipogenic differentiation, cells were plated at a density of 20 000 cells/cm 2 and cultured for 4 weeks in GM, containing 0.5 mM IBMX, 1 mM dexamethasone, 10 mM insulin, 200 mM indometacin (all from Sigma). The differentiation medium was replaced every 2-3 days. Cells maintained in GM were used as controls. Adipogenesis was assessed using Oil Red O staining as an indicator of intracellular lipid accumulation. Cells were washed twice with PBS and fixed for 60 min at RT with 4% formaldehyde/1% CaCl 2 . After washing with 70% ethanol, the cells were incubated for 10 min at RT in 2% Oil Red O reagent (Sigma). Finally, they were rinsed once with 70% ethanol and twice with dH 2 O and counterstained with hematoxylin (Sigma) for 10 min. Osteogenesis was induced by culturing the cells for 3 weeks in GM, supplemented with 0.1 mM dexamethasone, 50 mM ascorbate-2-phosphate, 10 mM b-glycerophosphate (all from Sigma). The medium was replaced every 2-3 days and differentiation assessed by detecting AP activity and by Von Kossa staining. To detect AP activity, cells were washed twice with PBS, then incubated for 40 min in 1% AP solution (0.25% naphtol phosphate, 1 mg/ml Fast blue RR; Sigma) at 371C and washed with PBS. For Von Kossa staining, the cells were cultured for 4 weeks in the differentiation medium then fixed in 4% paraformaldehyde for 60 min at RT, rinsed with dH 2 O and incubated in the dark for 30 min with 1% silver nitrate (Sigma). Finally, cells were washed with dH 2 O and developed under UV light for 60 min. For chondrogenic differentiation, cells were cultured in a micromass culture. 34 Briefly, 10 ml of a concentrated cell suspension (8 Â 10 6 cells/ml) were placed into the center of a 35 mm tissue culture dish and allowed to attach at 371C for 2 h. Differentiation medium (RPMI 1640, 2 mM L-glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin, 250 ng/ml amphotericin B (Sigma) containing 1% FBS (Stem Cells Technologies Inc.), 6.25 mg/ml insulin, 50 nM ascorbate-2-phosphate (both from Sigma) and 10 ng/ml TGF-b1 (Celbio, Pero, MI, Italy)) was gently added to the plate and the cells were maintained in culture for 3 weeks before analysis. Chondrogenesis was assessed by Alcian blue staining. Briefly, cells were fixed in 4% paraformaldehyde for 15 min at RT, washed twice with PBS and incubated for 30 min with 1% Alcian blue (Sigma) in 0.1 N HCl. Finally, cells were washed in 0.1 N HCl for 5 min to remove excess stain.
Induction of pancreatic endocrine differentiation. To induce a pancreatic endocrine differentiation, 600 000 cells were plated in six-well plastic dishes with differentiation medium consisting in RPMI 1640 supplemented with insulin (10 mg/ml), transferrin (5.5 mg/ml), sodium selenite (6.7 ng/ml) and 1% BSA (all from Sigma). Cells maintained in GM were used as controls. Culture medium was changed every 3 days.
Electron microscopy analysis. Cells were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer for 20 min at RT, washed in 0.1 M phosphate buffer (pH 7.3), post-fixed in 0.1% osmium tetroxide in 0.1 M phosphate buffer (pH 7.3) and dehydrated in a graded series of ethanol. ILCs and monolayer cells, mechanically scraped in the last phase of dehydration, were centrifuged to obtain a pellet.
Centrifuged pellets were transferred to propylene oxide and embedded in PolyBed 812. Ultrathin sections were cut with a diamond knife, stained with uranyl acetate and lead citrate, and observed under a Zeiss 902 transmission electron microscope.
RNA preparation and real-time PCR. Total RNA was extracted using RNeasy Mini Kit (Qiagen, Valencia, CA, USA) and treated with DNase I using RNase-free DNase set (Qiagen) to eliminate genomic DNA. RNA (0.5 mg) was reverse transcribed using 200 U of Moloney murine leukemia virus reverse transcriptase (Promega, Madison, WI, USA), 2 mM dNTPs and 0.25 mg of oligo (dT) (Invitrogen, Carlsbad, CA, USA). RNasin (Promega) was added to the reaction mix to avoid RNA degradation. Aliquots of the total cDNA were amplified in 25 ml of PCR reaction mixture containing 1 Â MgCl 2 -free buffer, 1.5 mM MgCl 2 (both from Roche Molecular System, NJ, USA), 0.2 mM dNTPs mix (Promega), 10 pmol of sense and antisense primers (Invitrogen) and 1.5 U/reaction of AmpliTaq Gold Polymerase (Roche Molecular System). PCR conditions included an initial denaturation step of 10 min at 941C, followed by 30-40 cycles of 1 min denaturation at 941C, 1 min at annealing temperature and 1 min extension at 721C, with a final elongation step at 721C for 5 min. Real-time PCR reactions were carried out using a Euroclone One Gradient PCR machine (Euroclone, Pero, MI, Italy). Amplified products were separated by electrophoresis on a 1.6-2% agarose gel (Roche-Boerhinger Mannheim GmbH, Germany) and visualized by ethidium bromide staining.
The following primers and PCR conditions were used: aFABP (280 bp): sense, Real-time quantitative PCR. Quantitative analysis of human mRNA expression of the genes of interest was performed by real-time PCR using TaqMant Pre-Developed Assay Reagents (Applied Biosystems, Foster City, CA, USA) and the ABI PRISM 7900HT Sequence Detection System (Applied Biosystems). Samples were run in triplicate and their relative expression was determined by normalizing expression of each target to endogenous controls and then comparing this normalized value to the normalized expression in a reference sample to calculate a fold-change value. All values were normalized with three endogenous controls, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), b actin and hypoxanthine guanine phosphoribosyl transferase (HPRT), which yielded similar results.
Insulin secretion. Insulin secretion in response to glucose was assessed in differentiated ILCs as described previously. 39 Briefly, cells were kept at 371C for 45 min in Krebs-Ringer bicarbonate solution (KRB), 0.5% albumin (pH 7.4), containing 3.3 mmol/l glucose. At the end of this period, medium was completely removed and replaced with KRB containing either 3.3 mmol/l glucose or 16.7 mmol/l glucose. After additional 45 min of incubation, the medium was removed. Samples (500 ml) from the different media were stored at À201C prior measurement of insulin concentration by IRMA (Pantec Forniture Biomediche, Turin, Italy).
